 Hydrothermal liquefaction conditions were optimised for bio-crude production and nutrient recovery using the macroalga A. nodosum.
could potentially be utilised as a growth supplement in microalgal cultivation. Across the 13 samples, though a correlation between increasing lipid levels and increasing bio-crude yield was observed, as well as an increase in biomass nitrogen generally contributing to bio-crude nitrogen content. A broader range of macroalgae species has been examined than in any study previously, with five entirely novel feedstocks, including one red seaweed. Processing using identical conditions across all feedstocks has enabled a more cohesive assessment of the effects of biochemical composition.
such as phosphorus, are able to be recycled. To date, there has been no assessment of phosphate recovery in the aqueous phase products of macroalgal HTL.
In light of these findings, this investigation aimed to identify optimal conditions for both bio-crude production and nutrient partitioning into the aqueous phase from hydrothermal liquefaction of UK macroalgae species. A comprehensive screening of a range of seaweed species prevalent on the South West coast of the UK was subsequently carried out, and biomass biochemical compositions linked to product yields and properties in order to rationalise reactivity. Based on this, specifications for an ideal biomass feedstock were sought, with the ultimate aim of developing a theoretical model of a South-West UK-based biorefinery for the production of bio-crude oil and fertilisers for terrestrial or microalgal crops.
Methods
Materials and apparatus 2.1 
Solieria chordalis (SC), Ulva intestinalis (UI) and Ulva lactuca (UL).
Batch bomb-type reactors were fabricated according to literature precedent using stainless steel Swagelok® tube fittings Raikova et al., 2016b; Wagner et al., 2016) . The reactor body consisted of a length of 1" tubing capped at one end, and connected at the other to a pressure gauge, thermocouple, needle valve, and relief valve set to vent at 170 bar. The total internal volume of the reactors was ca. 50 mL. ideal gas law, assuming an approximate molecular weight of 44 g mol -1 (the molecular mass of CO 2 , which makes up approx. 96-98 % of the gaseous product -observed experimentally for liquefaction of A. nodosum at 345 °C, confirmed by Raikova et al., (2016b) and Xu et al. (2015) ), and a volume of 22.465 dm 3 per mole of gas phase at 25 °C. The yield of gaseous product was determined using the following equation:
Y gas = (V gas × 44) / (24465 × W dry biomass ) × 100 % (1)
Following this, the aqueous phase was decanted from the reactor contents and filtered through a filter paper pre-dried overnight at 60 °C. The product yield in the water phase was determined by leaving a 2.5 mL aliquot to dry in a 60 °C oven overnight, and scaling the residue yield to the total aqueous phase mass. Aqueous phase residue yield was determined using the following equation:
To separate the remaining bio-crude oil and char phase, the reactor was washed repeatedly using chloroform until the solvent ran clear, and filtered through the same filter paper used to separate the aqueous phase (after drying for a minimum of 1 h). The filter paper and collected char were washed thoroughly with choloroform to remove all remaining bio-crude. The filtrate was collected, and solvent removed in vacuo. Bio-crude yield was determined using the following equation:
Y bio-crude = W bio-crude /W dry biomass × 100 %
The char yield was calculated from the mass of the retentate collected on the filter paper after drying overnight in an oven at 60 °C.
Solid yield was determined using the following equation:
Biomass and product characterisation 2.3
For the macroalgal biomass, lipid quantification was carried out as described previously (Wagner et al., 2016) . Polysaccharide quantification was carried out according to Taylor et al. (Taylor, 1995) , incorporating an upfront two-step hydrolysis protocol was adapted from Kostas et al. (Kostas et al., 2016) Elemental analysis was carried out externally at London Metropolitan University on a Carlo Erba Flash 2000 Elemental Analyser to determine CHN content. (Elemental analyses were carried out at least in duplicate for each sample, and average values are reported.) From this, higher heating value (HHV) was calculated using the equation set out by Channiwala & Parikh (2002) from elemental composition. Biomass ash content was quantified using thermogravimetric analysis (TGA).
Approximately 15 mg finely ground biomass was analysed on a Setaram TG-92 Thermogravimetric Analyzer. The sample was heated from room temperature to 110 °C at a ramp rate of 10 °C min -1 , and held for 3-10 min at 110 °C. The mass loss between room temperature at 110 °C was used to determine the sample moisture content. From 110 °C, the temperature was ramped to 1000 °C at a rate of 10-20 °C min -1 and held for 3-120 min, until TG stabilised. The mass remaining at the end of the experiment was taken to be the ash content.
For bio-crude and char, elemental analysis and HHV calculations were carried out as described above for the biomass. Calculated values were found to be in line with experimentally determined values within ± 5 %.
A 25 mL sample of the gas phase from liquefaction of A. nodosum at 345 °C was analysed using a gas ) was used as the carrier gas.
Total aqueous phase carbon was determined using a Shimadzu TOC-L analyser. All samples were diluted to 1 % using deionized water prior to analysis. The concentration of ammonium ions in the aqueous phase was determined using a Randox® urea test kit. The sample was diluted with distilled water to a concentration of 1 % prior to analysis. Urea concentration was calculated relative to a standard solution. From this, ammonium ion concentration was calculated. Aqueous phase total nitrogen content was determined by difference. Phosphate concentration in the aqueous phase was determined using a Spectroquant® test kit and photometer system. Prior to analysis, each sample was diluted to 20 % of its original concentration using deionised water. The total phosphate concentration was determined using a pre-calibrated Spectroquant® photometer.
In order to determine experimental error and test the repeatability of experimental results, three repeat HTL runs of A. nodosum were carried out at a range of temperatures between 300-350 °C to determine the standard deviation in mass balances at different reaction temperatures. For ammonia and phosphate quantification, the products of A. nodosum liquefaction at 345 °C were analysed in triplicate in all cases to determine standard deviation, and errors assumed to be consistent across different biomass species. All elemental analyses (CHN) were carried out at least in duplicate, and average values used.
Results and Discussion
Optimisation of heating rate and temperature 3.1
The effect of heating rate on bio-crude production from HTL of the macroalga A. nodosum at 350 °C was examined ( figure 1a) . Variation of heating rates were achieved by changing the furnace temperature: 400, 550, 700 and 850 °C set points gave heating rates of 6.7, 15,8, 34.2 and 56.3 °C min -1 , respectively. Oil yields increased by 12.5 % from 18.5 to 20.9 wt.% oil yield on increasing heating rate from 6.7 to 15.8 °C min Although the results confirm the previously identified positive correlation between heating rate and oil production efficiency observed for other biomass types (Faeth et al., 2013; Zhang et al., 2008) , the effect was found to become progressively less pronounced at higher heating rates. Furthermore, repeated exposure to furnace temperatures of 850 °C was found to cause damage to reactor fittings.
A lower furnace temperature of 700 °C was deemed sufficient to give optimal bio-crude production without compromising reactor integrity. This set point (giving a heating rate of ~30 °C min The highest overall mass fraction of the product was distributed in the solid phase, predominantly accounted for by the biomass ash content (16.2 wt.%). With increasing bio-crude yields, a concomitant decrease in solid products was observed, although a small amount of organic matter from the solid phase also partitioned to the aqueous phase products, which made up the largest product mass fraction on an ash-free basis at temperatures above 310 °C. Material recovery in the gas phase remained relatively stable across the temperature range.
In this investigation, mass balances were determined by measuring the yields of all four product phases, rather than calculating the recovery of one phase by difference. Overall mass closures ranged from 77.2 to 83.9 %. The loss of material is due in part to light organics lost on work-up of the bio-crude phase and thermal drying of the aqueous phase to determine residue content. It has also been suggested that some loss could also be attributed to partitioning of oxygen to the aqueous phase in the form of water (Anastasakis and Ross, 2015) . Overall, these mass closures are similar to those observed by Anastasakis and Ross (2011) ) on increasing temperatures from 300 to 350 °C during the liquefaction of L. saccharina, although the degree of experimental error was not specified.
The potential for utilisation of the nutrient-rich aqueous phase from HTL has been explored for microalgae process water (López Barreiro et al. 2015; Jena et al. 2011 ). However, macroalgal HTL process water has yet to be examined in any depth. To this end, the recovery of phosphate and dissolved ammonia content in the aqueous phase was analysed with respect to reaction temperature ( fig. 2 ).
The increase in reaction temperature from 300-350 °C caused phosphate partitioning to the aqueous phase to drop slightly ( Fig. 2a) , with a simultaneous increase in ammonia levels observed (Fig. 2b) . Although nutrient levels are still relatively high, they are not as substantial as produced in the aqueous phases from the HTL of most microalgae (Raikova et al., 2016b) . Hence, although the aqueous phase products may be of use within a biorefinery paradigm incorporating macroalgal HTL with microalgal cultivation (e.g. for fuels or chemicals), it probably does not represent a higher-value platform than fuel production from bio-crude. Hence, the optimal reaction temperature were selected on the basis of optimising bio-crude oil production, with nutrient recovery presenting a secondary route for product valorisation.
The effect of particle size on the biocrude yield was also examined ( fig. 3 ). It was found that varying particle size of between 125 > n ≥ 1400 μm did not have a notable effect on bio-crude yield. Given the energy-intensive nature of milling material to a fine particle size on an industrial scale, using the maximum possible particle size is likely to result in significant cost and energy savings. Although additional issues of feedstock processability would need to be addressed for a continuous system at scale, particle sizes of <1400 μm were deemed appropriate for this investigation. The final conditions taken forward to examine the effect of varying macroalgae feedstock species were a particle size of <1400 μm, and a reaction temperature of 345 °C, with heating rates of ~30 °C min Properties of South West UK marine macroalgae 3.2
Thirteeen macroalgae species were selected for analysis, belonging to all three major divisions: Rhodophyceae (red macroalgae), Chlorophyceae (green macroalgae) and Heterokontophycea (brown macroalgae).
The proximate, biochemical and ultimate analyses of the seaweed species are presented in table 1.
The compositions of many macroalgae generally exhibit pronounced seasonal variation, as well as being strongly affected by growing temperature and geographical location (Khairy and El-Shafay, 2013) , so can differ substantially from samples of the same species grown in alternative climates.
The elemental composition of the macroalgae analysed varied widely, with Chlorophyceae and Rhodophyceae typically containing higher nitrogen levels and calculated protein content than Heterokontophyceae (3-4 % c.f. 1-2 % N). Ash content was also highly variable, ranging from 10.8 % for L. hyperborea to a maximum of 44.5 % for R. riparium. R. riparium, and U. intestinalis had particularly high ash contents of over 20 %. Total biomass energy contents, calculated using the method set out by Channiwala and Parikh (2002) , ranged between 8.6 MJ kg -1 to 18.2 MJ kg -1
, with no obvious dependence on macroalgae division.
Chlorophyceae of the genus Ulva and the Heterokontophyceae A. nodosum and P. canaliculata had the highest lipid contents (>5 %), which was expected to be beneficial for bio-crude yields. U.
intestinalis, U. lactuca and the Rhodophyta C. crispus had notably high protein contents ca. 20 %.
This was anticipated to have a positive effect on bio-crude yields, simultaneously increasing ammonia recovery in the aqueous phase, but possibly having a detrimental effect on bio-crude quality by inflating N levels.
Carbohydrate quantification was carried out using the DuBois method (DuBois et al., 1956 ). This method is widely used to quantify carbohydrates in macroalgae, but has the significant drawback of presenting results in terms of glucose equivalents. Whilst this is suitable for simple glucose-based carbohydrates, the method is significantly less sensitive to other monosaccharide units, such as galactose in the common macroalgal carbohydrate carrageenan, or monosaccharides unique to seaweeds, such as mannuronic and guluronic acids present in alginates (Kostas et al., 2016) .
Additionally, the method's sensitivity is strongly affected by carbohydrate charge (Albalasmeh et al., 2013) . In this work, analytically determined soluble carbohydrate contents are presented alongside estimated total carbohydrate, determined by difference:
X cabohydrate (tot.) = 100 % -(X protein + X lipid + X ash ) (5)
Where X component is the mass fraction (wt. %) of each biochemical component. 
Liquefaction results 3.3
Liquefaction of 13 UK macroalgae species was carried out using the optimised conditions described previously (345 °C; 30 °C min -1 ). Mass balances are summarised in Figure 4 , and bio-crude yields are quoted on a dry basis. The highest overall bio-crude yields were obtained for the two macroalgae of the genus Ulva (28.8 % and 29.9 % for U. intestinalis and U. lactuca, respectively), although the third Chlorophyta R. riparium performed significantly worse, yielding a modest 15.0 % bio-crude product.
L. digitata yielded 16.4 % bio-crude -similar to the 17.6 % obtained by Anastasakis and Ross (2015) , although L. hyperborea was found to give 9.8 % bio-crude product in the same study, whereas the macroalgae used in this investigation yielded 12.3 % bio-crude. This can likely be explained by Rhodyphyceae gave the highest recoveries of solid products (>45 %), whilst measured gas yields varied substantially (from 5.6 % for H. elongata to a maximum of 21.4 % for L. digitata). Up to 32.7 % of the feedstock was recovered in the aqueous phase residue (S. chordalis), whilst only 5.0 % watersoluble organic product was generated from C. crispus. It has been suggested previously that the presence of high volumes of carbohydrate results in the formation of higher levels of water-soluble polar organics (such as formic, lactic, acetic and acrylic acids formed from the hydrothermal liquefaction of glucose), but aqueous phase residue yields do not appear to reflect this: despite having high analysed and calculated carbohydrate contents, U. lactuca, U. intestinalis and C. crispus yielded relatively low levels of aqueous phase products (11.4 %, 13.0 % and 5.0 %, Although it was anticipated that higher organic carbon content in the starting biomass would be conducive to obtaining higher bio-crude yields as previously noted (Neveux et al., 2014) , there appeared to be no statistically significant correlation between the two parameters. In each case, losses of 4-23 % were encountered. As previously, these are attributed to the loss of volatiles on work-up, and partitioning of oxygen to the aqueous phase in the form of water.
Increasing lipid yields appeared to encourage bio-crude production (Fig. 5a ). The correlation between carbohydrate (Fig. 5b) and protein (Fig. 5c ) content and bio-crude production appeared to be weaker, in line with the observation that lipids are more readily converted to bio-crude than other biochemical components in model studies . To verify these observations, a multiple regression was carried out to quantify the effect of protein, lipid, carbohydrate and ash levels. A statistically significant correlation (>95 % confidence) was observed only for lipids. A further regression was carried out for the effect of lipid content alone. It was found that variation in biomass lipid content accounted for 49 % of the total variation in bio-crude production. The bio-crude yield could be predicted from lipid content by the following formula:
However, despite the broad correlation, notable exceptions exist in each case: although U. lactuca has the highest lipid content of the macroalgae analysed (6.9 %), it appears to give a disproportionately high bio-crude yield (29.9 %), significantly higher than A. nodosum, which gives a yield of 16.0 % with a similar lipid content of 6.7 %. As U. lactuca has significantly higher protein and measured carbohydrate levels relative to A. nodosum, this may imply that bio-crude yield is positively correlated to overall organic biomolecule content (and hence, negatively correlated to ash levels), however, no such correlation is observed in practice. The lowest ash content was observed for L. hyperborea (10.8 %), but a modest bio-crude yield of 12.3 % was obtained. Conversely, a similar yield of 12.9 % bio-crude is obtained from R. riparium, despite an ash content of 44.5 %. In certain cases, ash may play a catalytic role in bio-crude formation, but this is also likely to be due to differences in reactivity between individual lipid, protein and carbohydrate types. Biomass protein content was found also to be weakly correlated to bio-crude nitrogen content, with the notable exception of U. lactuca, which yielded a bio-crude with only 3.8 % N despite a 24.3 % biomass protein content.
An attempt was made to calculate theoretical bio-crude yields using the additive model for biocrude yield prediction proposed by : breakdown would be necessary to examine mechanistic aspects of bio-crude production, but given the vast number of individual biomolecules within each feedstock, and the variability of biochemical compositions between species, this is likely to be an extremely complex system to analyse. With the large number of potential secondary reactions between primary decomposition products, in practise, when assessing prospective HTL feedstocks for a biorefinery, it will be significantly simpler to determine feedstock suitability experimentally on a case-by-case basis.
All species yielded bio-crudes composed of ca. 65-71 % carbon, 7-9 % hydrogen and 3-5 % nitrogen, with the remainder attributed to oxygen, and the energy content of the bio-crudes showed little variation across species, ranging from 28.4 -33.0 MJ kg -1 (see supporting information), despite the significant variation in biomass biochemical composition, biomass HHV, and bio-crude yields. These crude oils have approximately 75 % of the energy density of a typical crude oil, and comparable to those obtained for microalgal bio-crude at similar HTL conditions (López Barreiro et al. 2013 ). This effect has been previously observed by Neveux et al. (2014) for a range of Chlorophyceae.
The elemental deposition to the bio-oil is presented in fig. 7a . For U. intestinalis and U. lactuca, carbon recovery in the bio-crude was reasonably high, at 53 % and 57 % respectively. For C. crispus, on the other hand the majority of biomass carbon was recovered in the solid phase (see supporting information), with only 13 % in the bio-crude. Although this is unfavourable from a liquid fuel production perspective, energy recovery from bio-char has also been discussed in literature (Anastasakis and Ross, 2015) . In this study, while approximately 60% of the energy from the initial feedstock was retained in the biocrude for U. lactuca and U. intestinalis, this was reduced substantially to just 14% for C. crispus with the majority being found in the solid residue product for this seaweed species ( fig. 7b ).
Nitrogen distribution between the products was notably different to that seen for carbon, with the bulk of feedstock N recovered in the aqueous phase, present mainly as NH 4 + . Although the protein content of U. intestinalis and C. crispus biomass was almost identical (20.8 and 20.2 %, respectively), 36 % of the total nitrogen was recovered in the bio-crude for U. intestinalis, compared to only 9 % for C. crispus. High protein contents in the feedstock led to partitioning of nitrogen to the bio-crude phase (as well as the aqueous and solid phases), leading to bio-crude nitrogen contents of 3-5 % (see supporting information). The presence of high nitrogen levels in bio-crude is a setback for corefining operations, increasing the energy demand for refining and posing an increased risk of catalyst poisoning (Neveux et al., 2014) , however, the bio-crude nitrogen contents for all feedstocks screened are notably lower than those encountered for bio-crudes obtained from other macroalgae species. Neveux et al. (2014) reported bio-crude nitrogen levels from 5.8 % for the marine macroalga Ulva ohnoi to 7.1 % for Cladophora coelothrix. Both species of Ulva analysed in this study gave biocrudes with lower nitrogen contents -3.8 % for U. intestinalis and 5.2 % for U. lactuca -with the lowest nitrogen content observed for bio-crude from P. canaliculata (2.9 %). Total process energy calculations based on the HHV of the feedstocks and total energy recovery from the bio-crude and char found that in some species a significant amount of energy was being lost to the gaseous and aqueous phase. The energy recovery in the aqueous phase has not been considered at this point, although it is acknowledged that this is theoretically possible if additional processing steps (e.g. hydrothermal gasification) were incorporated (Elliott et al., 2014) . high ammonia levels, with 2,235 ppm and 2,415 ppm recovered, respectively. Phosphate levels observed were reasonably high, although not as high as those observed for microalgal HTL process water in previous studies (Raikova et al., 2016b) . The highest phosphate recoveries (>100 ppm) were observed for the F. ceranoides and P. canaliculata. These concentrations are comparable to those found in the standard microalgae growth media, 3N-BBM +V. Process waters with a high ammonia and phosphate contents could be considered for use as a growth supplement for microalgal cultivation or terrestrial crops, although the effect of the elevated non-ammonia nitrogen (likely to be due to the presence of heterocycles ) on plant or algae growth are unclear. 
b)
A weak correlation was observed between increasing protein levels in the biomass feedstock and increasing ammonia levels detected in the aqueous phase (Fig. 8b) . Though again this was not enough to be able to predict the level of NH 4 + in the aqueous phase.
Conclusions
Hydrothermal liquefaction has been demonstrated as an effective technique for the conversion of thirteen UK macroalgae species, nine unexplored in previous literature. Macroalgae of the genus Ulva gave the highest bio-crude yields up to 29.9 %, containing up to 60 % of total biomass energy content. Due in part to low nitrogen contents in the initial feedstock, less nitrogen and phosphate were obtained in the aqueous phase compared with similar microalgal species. As such, with macroalgae, nutrient recovery into the aqueous phase presents only a minor secondary route for product valorisation, after the reaction conditions have been optimised for bio-crude production.
Despite significant variation in biomass elemental and biochemical composition, all bio-crudes produced were similar in elemental composition and HHV. Lipid content was found to account for a substantial proportion of the variation in bio-crude yield. However, feedstock performance could not be predicted from the biochemical breakdown alone. More extensive system modelling, incorporating feedstock-specific components and incorporation of secondary reactions, would be required to identify prospective new feedstock specifications, but in practice, experimentation will be the sole reliable route to assessing feedstock suitability. From the selection of seaweeds assessed, Ulva lactuca, and other members of the family Chlorophyceae, were found to give the best performance for a future biorefinery in the South West region of the UK.
